Summary. We discuss the thermal instability in a layer of a ferromagnetic fluid when the boundaries of the layer are subjected to synchronous/asynchronous imposed time-periodic boundary temperatures (ITBT)/ time-periodic body force (TBF). Only infinitesimal disturbances are considered. The Venezian approach is adopted in arriving at the critical Rayleigh and wave numbers for small amplitudes of ITBT. A perturbation solution in powers of the amplitude of the applied temperature field is obtained. When the ITBT at the two walls are synchronized then, for moderate frequency values, the role of magnetization in inducing sub-critical instabilities is delineated. A similar role is shown to be played by the Prandtl number. The magnetization parameters and Prandtl number have the opposite effect at large frequencies. The system is most stable when the ITBT is asynchronous. The effect of TBF on the onset of convection is found to be qualitatively similar to the effect of an asynchronous ITBT. Low Prandtl number fluids are shown to be more easily vulnerable to destabilization by TBF compared to very large Prandtl number fluids. The problem has relevance in many ferromagnetic fluid applications wherein regulation of thermal convection is called for.
Introduction
Ferro fluid technology is the basis of a wide variety of products used for high technology applications in the semiconductor and computer industries. Ferro fluids are also used in a wide variety of thermoelectric cooling modules which prove instrumental for the refrigeration of semiconductor process equipment, laser diodes, medical treatment and optical communication equipment. They are the basis of ingenious new techniques for the separation of materials according to density. Ferro fluids have been found to be an essential element in a nuclear magnetic resonance probe differentiating free and shale oil in oil prospecting. They are used extensively for the study of magnetic domain structures in magnetic tapes, rigid discs, crystalline and amorphous alloys, garnets steels and geological rocks. Other commercial uses are ink jet printing, magneto gravimetric preparations of nonferrous metals, pumping without moving parts and biotechnology. Control of convection is important in many of these non-isothermal applications.
One of the effective mechanisms of hindering convection is through the maintenance of a non-uniform temperature gradient which is only space-dependent. However, in many practical situations non-uniform temperature gradients find their origin in transient heating or cooling at the boundaries, hence warranting the use of a basic temperature profile which is a function of both position and time. Venezian [1] investigated the stability of a horizontal layer of a viscous fluid heated from below when, in addition to a steady temperature difference between the surfaces of the layer, a time-dependent sinusoidal perturbation is applied to the wall temperatures. Subsequently, it was shown by Yih and Li [2] that time-periodic modulation of the wall temperatures has a destabilizing effect on the onset of convection over a wide range of frequencies of modulation although such a modulation is stabilizing for low frequencies. The critical Rayleigh number (corresponding to onset of convection) in these problems depends on the frequency of the imposed temperature modulation, and the study suggests that it is possible to hasten or delay the onset of instability by adjusting this modulation. The works of Lage [5], [6] deal with oscillatory heating and time-dependent vertical density gradient effects on convection. The stability of a non-ferromagnetic fluid layer subjected to an ITBT/TBF has also been studied ( [18] and is also mathematically quite challenging. It is with this motivation that we study the problem of the ITBT/TBFmeans of regulating convection. We determine the onset of convection in a ferromagnetic fluid layer heated from below when, in addition to a fixed temperature difference between the walls, an additional time-periodic perturbation is applied to the wall temperatures or we consider a time-periodic body force. We present below the two cases separately.
2 Time-periodic boundary temperatures
Mathematical formulation
We consider a ferromagnetic fluid layer confined between two infinite horizontal surfaces, a distance ''h'' apart. A vertical downward gravity force acts on the fluid together with a uniform, vertical magnetic fieldH H 0 . A Cartesian co-ordinate system is taken with the origin in the lower boundary and the z-axis vertically upwards. The surface temperatures are
and
where T R is a reference temperature, DT is the temperature difference between the two surfaces in the unmodulated case, e is the amplitude of the thermal modulation, x is the frequency and / is the phase (see Fig. 1 ). For the velocity we choose the stress-free boundary conditions and an idealized one for the magnetic field (discussed later). We adopt the Boussinesq approximation, and for small departures from T R the density q, as a function of temperature T, is given by
where a is the constant coefficient of thermal expansion and q R ¼ q T R ð Þ. The thermal diffusivity j and the kinematic viscosity m of the fluid are regarded as constants. The governing equations for a Boussinesq, Newtonian ferromagnetic fluid are
